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We investigate the forward-jet energy spectrum within the Color Glass Condensate framework
at 5 TeV center-of-mass energy. In particular, we focus on the kinematic range covered by the
CMS-CASTOR calorimeter. We show that our saturation-model calculations are compatible with
the CASTOR measurements and that to optimally reproduce the data, effects of multi-parton
interactions need to be included. We predict a significant nuclear suppression – reaching down to
50% at the lowest considered jet energies Ejet ∼ 500 GeV.
I. INTRODUCTION
The non-linear phenomena of Quantum Chromody-
namics (QCD) are expected to have a significant effect
on high-energy interactions of protons and heavier nuclei
[1]. In particular, at sufficiently small momentum frac-
tion x one expects to enter the saturation region, where
the parton densities reach their maximally allowed value
and the effect known as parton saturation kicks in. The
formation mechanism and properties of this dynamically
generated confined many-body system of partons are not
known in detail, partly due to an insufficient amount of
available experimental data probing truly small-x struc-
ture of hadrons. Not only is the understanding of this
high-density regime an intriguing task on its own, but
also a necessary input for an accurate interpretation of
the measurements performed in heavy-ion collisions.
A convenient theoretical framework to describe QCD
in the high-energy limit, where saturation effects can be-
come significant, is provided by the Color Glass Conden-
sate (CGC) effective field theory [2, 3]. The perturbative
CGC evolution equations, like the Balitsky-Kovchegov
(BK) equation [4, 5] describe the energy evolution of the
hadron structure, and predict the x dependence of cross
sections.
Today, the most precise picture of the partonic struc-
ture of protons is provided by deep inelastic scatter-
ing measurements performed at HERA [6, 7] that probe
the proton structure down to x ∼ 10−5. These pre-
cise measurements are known to be in a good agreement
with saturation model calculations [8–10] performed at
leading logarithmic accuracy, resumming contributions of
αs ln 1/x. However, the same dataset is equally well de-
scribed by collinearly factorized parton distribution func-
tions (PDFs), whose x dependence is parametrized at
low Q2 and obtained at higher Q2 by solving the pertur-
bative DGLAP evolution equations [11–14]. Recently,
it has also been argued that a resummation of ln 1/x
terms improves the description of HERA data in PDF
fits [15], though similar effects can be achieved by an
appropriate choice for the factorization and renormaliza-
tion scales [16]. Nevertheless, explicit parton saturation
which would be a result of non-linear QCD dynamics is
absent in these analyses and thus it seems that the HERA
data alone cannot confirm nor disprove the presence of
saturation phenomena at perturbative interaction scales.
As the gluon densities are enhanced by roughly A1/3,
replacing protons by heavier ions should render the
non-linear QCD effects more easily observable. Fu-
ture electron-ion colliders (EICs) in the US [17] and
at CERN [18] are designed to probe the small-x struc-
ture of heavy nuclei with electron beams very precisely
[19, 20]. Before such machines are realized, large gluon
densities in nuclei can be probed studying facilities pro-
duction at forward rapidities in proton-nucleus collisions,
as the Bjorken-x in the target nucleus scales like xA ∼
e−y/
√
sNN . Particle production at forward rapidities
with
√
sNN = 200 GeV center-of-mass (c.m.) energy has
been measured at RHIC in deuteron-gold collisions [21–
24], and the results are compatible with CGC calcula-
tions at leading order [25, 26]. As the c.m. energies at
the LHC are much higher,
√
sNN = 5020, 8160 GeV in
proton-lead collisions, a similar kinematic configuration
as what is reached at RHIC with y  0 is probed al-
ready at midrapidity, y ∼ 0. Convincingly, e.g. the AL-
ICE measurements for pion production [27] are indeed
compatible with the saturation-model predictions.
Particle production at the LHC in the forward direc-
tion will probe much smaller values of x in the nucleus
than what is achievable at RHIC. Currently, the most
decisive small-x data are arguably the D- and B-meson
measurements by the LHCb collaboration [28, 29] which
both show that the p-Pb cross sections at y  0 are
clearly suppressed with respect to the p-p baseline. Out
of these two the D-meson production should be the most
sensitive to the non-linear dynamics due to the low in-
teraction scale involved. The measurements are indeed
in fair agreement with the CGC predictions [30]. How-
ever, as accurate description can be obtained [31] in
the collinearly factorized framework when an appropriate
general-mass scheme [32] and nuclear PDFs [33, 34] are
used. So it looks like a tie for collinear factorization vs.
saturation calculations also in the case of heavier ions.
Out of other observables, one can look at quarkonium
production which has been measured at forward rapidi-
ties at the LHC (see e.g. [35–40]), and analyzed in the
saturation picture extensively e.g. in Refs. [41–45]. The
disadvantage of these processes is that the results are
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2more difficult to interpret due to the complexity of the
J/Ψ or Υ meson formation that has to be modelled in the
calculations. Some extremely low-pT data are also avail-
able, see Refs. [46] and [47]. In future, e.g. direct photon
measurements [48, 49] could lead to further insight [50].
Recently, it has also become possible to measure
photon-nucelus scattering in ultra peripheral heavy ion
collisions (UPCs) at RHIC and at the LHC, where the
impact parameter is so large that strong interactions are
suppressed [51, 52]. So far exclusive vector-meson pro-
duction has been the focus in UPC studies at RHIC
and at the LHC (see e.g. [53–56]). The advantage of
UPCs is that it becomes possible to study nuclear DIS
at high energies (albeit only in the photoproduction re-
gion) before an EIC is realized. Clear signals of signif-
icant nuclear suppression have been seen in these mea-
surements [57, 58].
A potentially useful place to look for further answers is
particle production at very forward rapidities covered by
the CASTOR calorimeter of the CMS experiment. This
apparatus spans the pseudorapidity region 5.2 < η < 6.6
in the laboratory frame which, in the proton-lead run
setup, is boosted by yshift = 0.465 to the direction of
the proton beam. Interestingly, the first jet-energy spec-
tra in proton-lead collisions measured using CASTOR is
recently published [59]. Thanks to the very forward ra-
pidity and large c.m. energy, Bjorken-x values down to
xA ∼ 10−6 are probed. A disadvantage is that as no
tracking is in place, only the total-energy production can
be measured. In addition, there is no segmentation in
η and consequently it is not possible to study the ra-
pidity dependence of jet production. This also means
that the jets can be fairly fat and thus contributions of
multi-parton interactions are potentially significant. Us-
ing inclusive jets as a probe for small-x structure of heavy
ions is in contrast to the usual paradigm of using jets to
probe the large-x parton content of nuclei [60, 61].
In this article, we present calculations for the jet-
energy spectra within the CASTOR kinematics. The
predictions are based on the CGC framework that was
applied in Ref. [26] and which successfully describes in-
clusive particle production at RHIC and at the LHC. We
show that the jet-energy spectra computed in the CGC
framework are compatible with the ones measured by
CASTOR. Additionally, we argue that there is a signif-
icant nuclear suppression present which we attribute to
the saturation effects.
The paper now continues as follows: In Sec. II we first
review the calculation of single-parton production cross
sections in the CGC picture. This will serve as our proxy
to the jet cross section. In Sec. III we discuss the jet
production in CASTOR kinematics before underscoring
the role of multi-parton scattering in Sec. IV. Numerical
results are presented in Sec. V.
II. FORWARD JET PRODUCTION IN CGC
In this work, we compute the parton-production cross
section and assume that the produced parton creates a
jet whose total energy equals the energy of the parton.
The forward particle production in high-energy proton-
nucleus collisions can be described using the so called
hybrid formalism, in which the dilute moderate-x probe
is described in terms of collinear parton distribution func-
tions, and the parton-target scattering is computed from
the CGC taking into account multiple scattering with the
target.
A. Proton-proton collisions
In case of a proton target, the leading-order parton
production cross section at rapidity y in the center-of-
mass frame reads [62, 63]
dσp+p→i+X
dyd2pT
=
σ0
2
1
(2pi)2
xfi(x, µ
2)S(pT , x), (1)
where xfi(x, µ
2) is the (leading order) parton density
function for a parton i at scale µ2. In this work we
use the CTEQ6 parton distribution function [64] and
take µ = max{|pT |, 1.3 GeV}. The proton transverse
area σ0/2 is measured in DIS experiments, and is differ-
ent from the inelastic proton-proton cross section σinel
which connects invariant yield and cross section [26].
The parton-target scattering is described in terms of the
dipole amplitude N Fourier transformed to momentum
space:
S(pT , x) =
∫
d2rT e
ipT ·rT (1−N(rT , x)). (2)
The energy (Bjorken-x) dependence of the dipole am-
plitude N is obtained by solving the BK equation with
running coupling [65], and the initial condition for the
evolution (dipole amplitude at x = x0 = 0.01) is ob-
tained by fitting the HERA structure-function data as in
Ref. [26]. The initial condition is parametrized as
Nx0(rT ) = 1− exp
[
−rT
2Q2s0
4
ln
(
1
|rT |ΛQCD + ec · e
)]
(3)
with the parameters fit to HERA structure function data
being Q2s0 = 0.06 GeV
2, ec = 18.9 and σ0/2 = 16.36 mb.
When the parton flavor i is gluon, the dipole is evaluated
in the adjoint representation as NA = 2N −N2.
Beyond leading order, Eq. (1) can potentially acquire
numerically significant corrections. Recently, there has
been rapid progress in developing the theory to next-to-
leading order accuracy, including the NLO BK evolution
equation with numerical solution [66–68]. The particle-
production cross section has also been computed at NLO
accuracy [69], but phenomenological applications at this
order are still problematic [70–74]. On the other hand, as
3discussed in the Introduction, the leading order calcula-
tions have been successful in describing particle spectra
and nuclear suppression factors at RHIC and at the LHC.
Consequently, we limit ourselves here to the leading-order
accuracy, thereby resumming contributions ∼ αs ln 1/x
to all orders by solving the BK evolution equation.
B. Proton-nucleus collisions
Let us then consider proton-nucleus collisions. The
dipole amplitude for the dipole-nucleus scattering is ob-
tained as follows. First, the initial condition for the BK
evolution at a given impact parameter bT is obtained
by generalizing the dipole-proton scattering amplitude
by applying the Glauber model. Then, the impact pa-
rameter independent BK evolution is performed sepa-
rately at every impact parameter. Neglecting the impact-
parameter dependence from the BK evolution makes
it possible to avoid long-distance Coulomb tails that
should be regulated by confinement-scale physics, see e.g.
Refs. [75, 76] for more details. Following Ref. [26], the
initial condition at a given impact parameter bT is given
as
NAx0(rT ,bT ) = 1− exp
[
−ATA(bT )σ0
2
rT
2Q2s0
4
× ln
(
1
|rT |ΛQCD + ec · e
)]
. (4)
Note that there are no parameters besides the Woods-
Saxon nuclear density TA(bT ) (normalized such that∫
d2bTTA(bT ) = 1) related to the nuclear structure.
In proton-nucleus scattering the cross section is ob-
tained by integrating the invariant yield over the impact
parameter bT . The invariant yield at given impact pa-
rameter reads [26]
dNp+A→i+X(bT )
dyd2pT
=
1
(2pi)2
xfi(x, µ
2)S(pT , x,bT ). (5)
As our centrality classes from the Optical Glauber model
are not the same as the experimental centrality classes,
we only consider minimum-bias collisions here. When
computing the integral over impact parameters, we have
to describe the dilute edge of the nucleus. In order to
avoid unphysically fast growth of the nuclear area, we
follow Ref. [26] and assume that the particle production
yield in proton-nucleus collisions is the proton-proton
yield scaled by Nbin(bT ) = ATA(bT )σinel in the region
where the saturation scale of the nucleus would fall be-
low that of the proton. This is a natural approximation
as it results in a nuclear suppression factor RpA = 1 in
this dilute region. In this work we take σinel = 70 mb at√
sNN = 5.02 TeV.
III. KINEMATICS OF JETS AT CASTOR
The CASTOR calorimeter at CMS is used to measure
the forward jet production cross section as a function of
jet energy in the laboratory frame. It covers the pseu-
dorapidity region 5.2 < ηlab < 6.6. We can compute the
differential cross section as
dσ
dE
≈ 1
∆E
∫
pT,min
d2pTdy θ
(
Elab ∈ E ± ∆E
2
)
× θ(5.2 < ηlab < 6.6)dσ
p+p(A)→i+X
d2pTdy
, (6)
where the parton-level cross section in proton-
proton(nucleus) collision σp+p(A)→i+X is summed over
quarks i = u, d, s, c, b, antiquarks and gluons. The min-
imum transverse momentum is chosen to be pT,min =
1.0 GeV and the sensitivity to this choice is studied in
Appendix B. The measurement functions force the jets
inside the CASTOR acceptance and to be inside the given
energy bin. In our numerical calculations we will use the
bin width ∆E = 10 GeV. The jet energy Elab (assumed
to be equal to the parton energy) is measured in the labo-
ratory frame which is boosted by yshift = 0.465 compared
to the center of mass frame. From the jet transverse mo-
mentum and rapidity, we also compute the pseudorapid-
ity ηlab in the laboratory frame.
When relating rapidity and pseudorapidity, and when
computing the jet energy, it becomes necessary to define
the mass of the jet m. In this work we assume that the
particle production is dominated by lightest hadrons (pi-
ons), and we use an effective mass m = 0.2 GeV. As we
will show in the Appendix A, our result are not sensitive
to the exact numerical value of m. The jet energy in the
laboratory frame reads
E = mT cosh(ylab), (7)
where the transverse mass is mT =
√
m2 + pT 2. The
Bjorken x values probed in these collisions are
xp =
mT√
sNN
ey (8)
xA =
mT√
sNN
e−y. (9)
Here the jet rapidity y is measured in the center of mass
frame. In proton-nucleus collisions, the probed values of
xA range from xA ∼ 10−6 to xA ∼ 10−5 in the CASTOR
acceptance at 500 GeV < E < 3000 GeV. Similarly, the
momentum fractions in the probe are xp ∼ 0.1 . . . 0.5.
IV. MULTI-PARTON SCATTERING
A. Proton-proton collisions
CASTOR only measures the total energy, and it is
possible that the two independently produced jets are
4merged into one. As there is no segmentation in rapid-
ity in CASTOR, this happens if the two produced jets
are close to each other in azimuthal angle. At next-to-
leading order, one would include dijet production where
the probing parton emits a gluon before or after the scat-
tering [77]. This perturbative contribution is predomi-
nantly back-to-back (although saturation effects suppress
the ∆ϕ = pi contribution [78]). Given the fact that NLO
calculations of single-jet production in the CGC frame-
work are not yet developed to the level where straight-
forward phenomenological applications are possible, we
limit ourselves to the leading order accuracy in this work.
Instead, we take into account multiple parton interac-
tions that can produce multiple jets at forward rapidity,
which are measured as one if they are close to each other
in azimuth. We assume that the probability to have
k partonic scattering processes is given by the Poisson
distribution
pk(bT ) = e
−T (bT )σ [T (bT )σ]
k
k!
, (10)
where T (bT ) is the transverse density profile of the tar-
get, and σ is the integrated jet production cross section:
σ =
∫
dE
dσ
dE
. (11)
The final measured cross section is obtained by summing
over all possible number of parton-target scattering pro-
cesses. In parton-proton scattering we assume that the
impact parameter dependence factorizes, and the cross
section reads [79]
dσppMPI
dE
=
∫
d2bT
∞∑
j=1
pk(bT )
j∏
i=1
[
1
σ
∫
dEi
dσ
dEi
]
×
∑
measured
δ(E − Emeasured). (12)
In Sec. IV B we will consider proton-nucleus collisions and
generalize this result to the case where the impact pa-
rameter dependence does not factorize. Here,
∑
measured
refers to the summation over all possible combinations
of produced partons. Implicitly, this also requires that
when one sums over parton energies E1, . . . , En, then
these partons must be close in azimuthal angle in order
to be measured as one jet in the calorimeter. Addition-
ally, the other k = j − n partons must not be merged
with them.
Let us first consider the case where there is no merg-
ing, and the measured energy is just the energy of the
single parton. This can be any of the partons produced
in the scattering process, but the other k partons must
be at least distance R = 0.5 away (otherwise they would
be merged, which is not allowed). Additionally, there
are k + 1 ways to choose which parton is our measured
jet. Taking this into account, the cross section becomes
dσpp,1MPI
dE
=
∫
d2bT e
−σT (bT )T (bT )
× dσ
dE
∑
k=0
[σT (bT )]
k
k!
C1(k) (13)
where C1(k) =
(
1− 2R2pi
)k
is the probability that, when
producing 1+k jets, the k additional ones are not merged
with jet 1. If we put C1(k) = 1 here, corresponding to
the case where we accept all possible azimuthal angles
for the produced jets, the inclusive cross section summed
over any number of multi parton interactions becomes
dσ/dE.
The case where two of the jets are merged into one is
computed similarly. From Eq. (12) we can directly write
dσpp,2MPI
dE
=
1
2!
∫
d2bT e
−σT (bT )T 2(bT )
×
∑
k=0
[σT (bT )]
k
k!
C2(k)
×
∫
dE1dE2δ(E1 + E2 − E) dσ
dE1
dσ
dE2
. (14)
As before, the coefficients C2(k) describe the probabil-
ity that when producing 2 + k jets, the 2 are produced
within a single jet cone with radius R and consequently
measured as one, and that the other k are far enough not
to be merged with these. The generalization to n = 3
merged jets and beyond is straightforward. The numeri-
cal values for coefficients Cn(k) are calculated as follows.
First, with probability [2R/(2pi)]n−1 we sample n jets
within a single jet cone (radius R). Then, the azimuthal
angles for the other k jets are sampled uniformly, and
the event is accepted if none of the extra k jets are closer
than R to any of the merged jets.1 The numerically ob-
tained values at small k are shown in Table. I. Note that
in the case where there are no limits for the azimuthal
distribution of jets that are not merged, we would have
Cn(k) = (2R/(2pi))
n−1, and dσpp,2MPI/dE would reduce to
the standard double-parton scattering (DPS) cross sec-
tion [80],
dσpp,2MPI
dE
C2(k)=
R
pi−−−−−−→
∫
dE1dE2δ(E1 + E2 − E) (15)
×
(
2R
2pi
)
1
2σeff
dσ
dE1
dσ
dE2
,
1 Our jet merging alogirthm is only based on the azimuthal angle
of the independently produced jets, and does not result in ex-
actly same jet merging as the full anti-kT argorithm used in the
experimental analysis. However, as we do not want to generate
full monte carlo event samples, we stick with the simple approach
which we expect to be a reasonable approximation of the full jet
finding process.
5k = 0 k = 1 k = 2 k = 3 k = 4
n = 1 1 0.841 0.707 0.594 0.500
n = 2 0.159 0.125 0.099 0.078 0.062
n = 3 0.025 0.019 0.015 0.011 0.009
TABLE I: Coefficients Cn(k) describing the probability that
in the production of n+k jets, n are merged as one when the
cone radius is R = 0.5.
with σ−1eff =
∫
d2bTT
2(bT ). Here the factor 2R/2pi takes
into account the fact that the DPS process is included
only if the two independently produced jets are close to
each other in azimuthal angle. We will refer to this ap-
proximation as naive.
When parton production at very forward rapidities is
considered, the Bjorken-x of the probing proton can be-
come large (of the order of x ∼ 0.5 in the CASTOR kine-
matics), and one has to take into account the kinematical
constraint that x1 + x2 < 1. We neglect the longitudi-
nal momentum carried by the other k produced jets that
are not merged, as the cross section is dominated by jets
carrying small energy fractions.
In the case where we produce two jets that are merged
into one, we implement the kinematical constraint x1 +
x2 < 1 by writing the two jet production cross section in
terms of double parton distribution function Dij(x1, x2)
following Ref. [78]
Dij(x1, x2) =
1
2
x1x2
[
fi(x1)fj
(
x2
1− x1
)
+fi
(
x1
1− x2
)
fj(x2)
]
, (16)
with the condition fi(x) = 0 for x > 1 to guarantee
the energy conservation (the effect of energy conserva-
tion is analyzed in Appendix C). The scale at which
the PDFs are evaluated is set by the average transverse
momenta of partons, and fi(x) refers to fi(x, µ
2
i ) with
µi = max{(|pT 1| + |pT 2|)/2, 1.3 GeV}. Note that when
xi, xj  1 this reduces to the factorized assumption
Dij(x1, x2) = x1fi(x1)x2fj(x2). With this definition, the
double-parton production cross section in proton-proton
collisions becomes∫
dE1dE1δ(E − E1 − E2) dσ
dE1
dσ
dE2
→
(σ0
2
)2 ∫
dy1dy2d
2pT 1d
2pT 2
1
(2pi)4
Dij(x1, x2,bT )
× θ(5.2 < η1,lab, η2,lab < 6.6)δ(E1 + E2 − E)
× S(pT 1, x1,bT )S(pT 2, x2,bT ), (17)
with summation over parton flavors i, j having rapidi-
ties yi and momenta pT i in the center of mass frame,
and energies Ei and pseudorapidities ηi,lab are given in
the laboratory frame (which is the same as the CMS
frame in the proton-proton collisions). Note that the
leading-order single parton production cross section used
in this work does not include a perturbatively generated
double-parton scattering contribution, so no additional
subtraction is needed to avoid double counting with the
above DPS cross section result [81] (see also related dis-
cussion in Ref. [78]). Generalizing multi-parton distribu-
tion function Eq. (16) and cross section (17) to the case
of three (or more) merged jets is now straightforward.
In proton-proton collisions, the effective cross section
is experimentally measured to be σeff ≈ 15 mb [82]. This
allows us to identify the effective cross section to be the
proton size: σeff = σ0/2 (note that the fitted value for
σ0/2 is very close to the experimentally determined σeff).
This is achived with a Gaussian density profile Tp(bT ) =
1/(2piBp)e
−b2/(2Bp) with Bp = 3.34 GeV−2, slightly less
than Bp ≈ 4 GeV−2 suggested by the exclusive vector
meson production data from HERA [83, 84].
B. Proton-nucleus collisions
In proton-nucleus collisions, when a large-x parton
from the proton probes the structure of the large tar-
get nucleus, the parton-nucleus interaction depends on
the impact parameter of the collision, and this depen-
dence does not factorize, see Eq. (5). This requires us
to generalize the above discussion to the case where the
parton-target interaction depends explicitly on the im-
pact parameter.
In this case we generalize the MPI cross section (12)
result as follows:
dσpA,1MPI
dE
=
∫
d2bT
∞∑
k=1
e−σ
pATA(bT )
[σpATA]
k
k!
Cn(k)
×
k∏
i=1
[
1
Ntot(bT )
∫
dEi
dNpA(bT )
dEi
]
×
∑
measured
δ(E − Emeasured). (18)
Here Ntot(bT ) =
∫
dE dN
pA(bT )
dE and the parton produc-
tion yield at given impact parameter in proton-nucleus
collisions is given in Eq. (5). Note that if the impact pa-
rameter dependence factorizes from the invariant yield,
one recovers (12). The integrated cross section σpA is
obtained by integrating the invariant yield (5) over im-
pact parameter and CASTOR kinematics. One can easily
check that if we impose no constraints on the azimuthal
distribution of jets and take the dilute limit, the standard
Optical-Glauber model result for single-jet production is
obtained.
In the case where we do not allow other k jets to be
merged with the produced jet, the cross section now be-
6comes
dσpA,1MPI
dE
=
∫
d2bT e
−σpATA(bT )σpATA(bT )
×
∞∑
k=0
[σpATA]
k
k!
C1(k)
[
1
Ntot(bT )
dNpA(bT )
dE
]
. (19)
Similarly, in the case where two jets are merged, we can
generalize Eq. (14) and obtain
dσpA,2MPI
dE
=
1
2!
∫
d2bT e
−σpATA(bT )[σpATA(bT )]2∑
k=0
[σpATA]
k
k!
C2(k)
1
N2tot(bT )
×
∫
dE1dE2δ(E1 + E2 − E)dN
pA(bT )
dE1
dNpA(bT )
dE2
,
(20)
where the kinematical constraint x1 + x2 < 1 is added
similarly as in case of proton-protons scattering. In
the dilute limit one again recovers the standard double-
parton scattering result (15). It is now easy to see how
this generalizes to the case where any number of jets are
merged.
V. RESULTS
First we study the effect of multi-jet production and az-
imuthal angle constraints in proton-proton collisions. We
calculate the energy spectrum in CASTOR kinematics in
the cases where 1 or two jets are merged, and an arbi-
trary number of other jets are produced but not merged
with the two measured ones. These cross sections are
calculated as shown in Eqs. (13) and (14).
For comparison, we show the single jet production
spectrum in the “naive approximation”, in which case
we do not put any constraints on the other jets and set
C1(k) = 1. In case of two-jet production, this corre-
sponds to the standard DPS result of Eq. (15), with
the kinematical constraint x1 + x2 < 1 included, but im-
posing no requirements on the other partonic processes
that may take place simultaneously with the DPS pro-
cess. Energy spectra in these cases are shown in Fig. 1
as thin blue lines, and should be compared to the thick
black lines that correspond to our main result. The ex-
plicit treatment of multi-parton interactions is found to
be necessary, as the constraints on the azimuthal distri-
bution of jets reduce the single-jet production by ∼ 25%
and the two-merged-jet cross section by ∼ 40%. Note
that this effect depends on the integrated cross section
and thus on the low-pT cut. However, as discussed in Ap-
pendix B, the jet-production cross section depends only
weakly on the infrared cutoff in the CASTOR kinematics.
Let us then study proton-nucleus collisions and the
contributions where two or more jets are merged into one
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FIG. 1: Jet energy spectra in proton-proton collisions at√
s = 13 TeV in the cases where one or two jets are merged.
No rapidity shift is applied here. The thin lines refer to the
“naive” approximation where no angular constraints are im-
plemented on the jets that are not merged.
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FIG. 2: Contribution to the jet production cross section in
proton-nucleus collisions at
√
s = 5.02 TeV from the cases
where n jets are merged into one. The results are normalized
by the corresponding cross section in single jet production
(with no merging) in proton-nucleus collisions. The thick lines
are obtained with our standard choice for the infrared cutoff
pT,min = 1.0 GeV. Upper thin lines correspond to pT,min =
0.5 GeV and lower thin lines pT,min = 1.5 GeV.
in the CASTOR kinematics. To quantify this, we show in
Fig. 2 the cross section dσpA,n/dE in proton-nucleus col-
lisions in case of n jets merging, normalized by the single
jet production cross section (n = 1). The contribution
from the two merged jets is found to be numerically sig-
nificant, comparable with the single jet production cross
section at E & 1 TeV. On the other hand, contribution
from the three merged jets is important only at highest
energy bins E & 1.5 TeV. When the infrared cutoff pT,min
is lowered from our standard choice of 1.0 GeV to 0.5 GeV
the multi-parton production processes become more im-
portant as the potential phase space becomes larger, and
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FIG. 3: Jet energy spectrum in proton-nucleus collisions com-
pared with the CASTOR data [59] at
√
s = 5.02 TeV includ-
ing one, two and three merged jet contributions. The scaled
proton-proton result includes two- and three merged jets con-
tributions.
the multi- parton processes in general are more likely
when the integrated cross section increases. Similarly,
with pT,min = 1.5 GeV we find that multi-jet produc-
tion is suppressed, and especially the three merged jet
contribution becomes negligible. We will return to the
dependence on the minimum pT cut in Appendix B.
The jet energy spectrum in proton-nucleus collisions is
shown in Fig. 3. As already seen above, the contribu-
tion from the case where more than one jets are merged
into one is significant. However, including the three jet
merging contribution to the calculation is not a large cor-
rection anymore, and we can expect that contribution
from the cases where more than n = 3 jets are merged
is negligible in comparison to the current experimental
precision. Thus, we do not include these contributions
which would be numerically more demanding. Overall,
we find a good agreement with the CMS data [59] if the
contribution from multi-jet production is included.
To study the importance of the saturation effects, we
compute the nuclear suppression factor
RpA =
dσpA/dE
Adσpp/dE
(21)
Note that in RpA the proton-proton reference should be
evaluated in the same kinematics, and thus we will also
apply the boost yshift in this case, even though there is no
proton-proton measurement done in this kinematics. The
resulting nuclear suppression factor is shown in Fig. 4,
and the results are computed with and without multi-
parton contribution. The nuclear suppression is found
to be significant in the region where CASTOR data are
available, reaching down to RpA ≈ 0.5 at smallest-energy
bins. At E & 1 TeV contributions from more than one
merged jets becomes important and RpA eventually be-
comes larger than unity, thanks to the likely multi-parton
scatterings [85–89].
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FIG. 4: Nuclear modification factor for the jet energy spec-
trum in CASTOR kinematics at
√
s = 5.02 TeV including
contributions from up to three merged jets. The proton-
proton reference is computed with the same kinematical shift
as applied in the proton-nucleus scattering.
Fig. 4 quantifies the expected magnitude of nuclear ef-
fects, but is not experimentally measurable as it is not
expected that proton-proton collisions will be performed
at the LHC with different energies for the two proton
beams. However, cross-section ratios are still beneficial
as many experimental and theoretical uncertainties can-
cel. Thus, we calculate the cross-section ratio
Rshift =
dσp+A→i+X/dE(yshift = 0.465)
Adσp+p→i+X/dE(yshift = 0)
. (22)
This ratio is studied in Fig. 5 where we show Rshift
obtained with and without nuclear effects. No nuclear
effects here means that we take the full cross section
in proton-proton collisions (including contributions from
merged jets), and scale by A. Note that in this case the
multiparton interactions are not enhanced by the larger
integrated cross section as is the case when we do full
proton-nucleus calculation with nuclear effects. Conse-
quently, two and three merged jet contributions have
smaller effect in the case with no nuclear effects, as can
be seen by comparing thin (one jet) and thick (up to
three merget jets) curves in Fig. 5. As already seen when
studying RpA in Fig. 4, the nuclear effects suppress the
ratio by a factor ∼ 2 at small jet energies. This sup-
pression is not significantly affected by the inclusion of
merged-jet contributions. Similarly as in case of RpA,
the contribution from two or three merged is important
at E & 1 TeV. At large energies the cross section ratio
diverges as as the reference spectrum dies much faster as
a function of energy without the rapidity shift.
VI. CONCLUSIONS
We have calculated jet-energy spectra in proton-
nucleus collisions at forward rapidities, in the kinemat-
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FIG. 5: Jet production cross section ratio Rshift at
√
s =
5.02 TeV defined in Eq. (22) in case of no rapdity shift in the
proton-proton baseline with and without nuclear effects (see
text for details). Thick lines include contribution from one,
two or three merged jets, and thin lines have no merged jets.
ics covered by the CASTOR calorimeter at CMS. We
demonstrate that the saturation effects that affect the
nuclear structure at the probed Bjorken-x values xA ∼
10−5 . . . 10−6 are large, resulting in a nuclear suppression
by a factor ∼ 1/2. The simple framework applied in this
work, in which jet energy is approximated by the energy
of the produced parton and a streamlined jet algorithm
is applied, is compatible with the CMS results. The best
agreement is obtained if we include contributions where
the energies of two or three jets are summed when they
are produced close to each other and their total energy
is seen in the calorimeter.
In this work we made two simplifying assumptions.
First, we neglected higher- order corrections to the par-
ticle production cross section, as NLO calculations in
the CGC framework are currently not developed to the
level where phenomenological applications are straight-
forward. However, the BK evolution with running cou-
pling is included, which resums large logarithmic correc-
tions ∼ αs ln 1/x to all orders. Additionally, we neglected
all fragmentation effects and assumed that the total par-
ton energy is measured as a jet energy. One possibility
to go beyond this simple assumption would be to include
realistic fragmentation effects following e.g. Refs. [90, 91]
where the Lund string model based Monte Carlo meth-
ods were used to describe the fragmentation processes. A
more realistic production mechanism for the jet forma-
tion would also motivate to use a more realistic jet find-
ing algorithm to distinguish jets that are merged from
the other jets whose energy is not included in the total
energy of the observed jet. In the cross-section ratios
like RpA or Rshift model uncertainties should be signif-
icantly reduced, and it might be possible to also cancel
many experimental uncertainties that are larger than the
estimated saturation effects in case of inclusive jet spec-
tra. Consequently, we argue that our main finding that
the CASTOR measurements are sensitive to (and point
towards) sizeable saturation effects is robust.
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Appendix A: Dependence on the jet mass
Throughout this work we used m = 0.2 GeV mass
when computing the parton (jet) energy and mapping
rapidity to pseudorapidity. In order to demonstrate that
our results are not sensitive to this parameter, we cal-
culate the energy spectrum dσjet/dE in proton-lead col-
lisions with heavier mass m = 2.0 GeV, and compare
the resulting spectra with our main result obtained with
m = 0.2 GeV.
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FIG. 6: Jet production cross section proton-lead collisions
with jet mass m = 2 GeV relative to the same cross section
computed with our standard choice of m = 0.2 GeV. Results
with no merged jets (“1 jet”) and 1 + 2 + 3 merged jets are
shown.
9The ratio of the cross sections obtained with different
parton masses in proton-nucleus collisions is shown in
Fig. 6, both in the case where we do not include the jet
merging, and in the case where 1, 2 or 3 jets are allowed
to be merged. We find that the cross sections change by
less than 5% when the mass parameter is varied, which
is much below both the model uncertainty and the ex-
perimental accuracy.
We have checked that the RpA and Rshift are basically
identical with all studied mass values.
Appendix B: Dependence on the minimum pT cut
When integrating over the parton level kinematics in
Eq. (6), we have to include a low-pT cut as the formalism
is not applicable at non-perturbatively small momentum
transfers. However, the jet-energy spectrum is an in-
frared safe quantity, and should depend weakly on this
cut.
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FIG. 7: Jet energy spectrum in proton-nucleus collisions with
different lower pT cut. We include contributions from 1, 2 or
3 merged jets.
The dependence of the energy spectrum on different
low-pT cuts is shown in Fig. 7, where the jet energy spec-
trum in proton-lead collisions at
√
s = 5.02 TeV is shown.
As expected, varying pT cut around our standard choice
of pT,min = 1.0 GeV changes the spectrum only at lowest
energies much below the CASTOR data.
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FIG. 8: Nuclear suppression factor calculated with two dif-
ferent infrared cutoffs. Contributions from 1, 2 and 3 merged
jets are included.
Next we demonstrate that the nuclear suppression fac-
tor, and consequently our estimate for the strength of the
saturation effects in the CASTOR kinematics, neither de-
pends strongly on the infrared cutoff. In Fig. 8 we show
the nuclear suppression factor RpA calculated with differ-
ent minimum pT cutoffs. The contribution from 1, 2 or
3 merged jets is included. The resulting nuclear suppres-
sion factors are found to be comparable at all energies.
Appendix C: Momentum conservation in the probe
Calculation of contributions where multiple jets are
merged into one applies an effective descriptions for the
double and triple parton distribution functions as writ-
ten in Eq. (16). These functions are constrained such
that they implement a longitudinal momentum conser-
vation
∑n
i=1 xi < 1, where n is the number of merged
jets. At the forward rapidities in the CASTOR kinemat-
ics, the Bjorken-x in the probe is large, and the energy
conservation is expected to have a large effect. In this
Appendix the importance of this kinematical constraint
is demonstrated.
In the case where we have no merging, the kinematical
constraint has no effect as the longitudinal momenta car-
ried by the other k jets that are not merged is neglected.
In Fig. 9 the contribution to the jet energy spectra from
two and three merged jets is shown, with and without
the kinematical constraint (the dashed lines refer to the
case where the kinematical constraint is not included).
The cross section without a kinematical constraint is cal-
culated by assuming that the multi parton distribution
factorizes, e.g. for the two parton distribution we write
Dij(x1, x2) = x1fi(x1)x2fj(x2), without introducing the
requrement x1+x2 < 1. Similarly the three parton distri-
bution function is a product of three parton distribution
functions.
In case of two merged jets, the effect of the kinemat-
ical constraint is found to be moderate in the studied
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FIG. 9: Contribution on the jet energy spectra from two
merged jets (black lines) and three merged jets (blue lines)
in proton-nucleus collisions at
√
s = 5.02 TeV. Solid lines
include the kinematical constraint, and dashed lines do not.
kinematics. On the other hand, when the number of
merged jets increases to three, the kinematical constraint
starts to have a clearly larger effect as expected. Below
E . 800 GeV the kinematical constraint has a small ef-
fect on the total jet spectra (including n = 1, 2 and 3
merged jets), which suggest that in the region where we
argue the saturation effects to be strong, our results are
not sensitive to the details of how the poorly constrained
multi parton distribution functions are implemented.
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